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Cost assessmenta b s t r a c t
Despite the fact that there are many literature reports concerning textile wastewater treatment by
advanced oxidation processes (AOPs), mostly they are not oriented on the industrial applications. The
research focused on Reactive Black 5 (RB5) and its industrial form (Setazol Black DPT), which, despite
being hazardous, is still one of the most commonly used dyestuffs in industrial practice. Several
ozone-based AOPs (e.g., O3, UV/O3, O3/H2O2, and O3/UV/H2O2) and H2O2/UV processes have been com-
pared in terms of their effectiveness in removing RB5 (purified and commercial form) from simulated
and industrial textile wastewater. The color, COD, TOC and BOD reduction were considered. Almost com-
pletely color reduction was achieved for the simulated as well as industrial wastewater, but only in case
of ozone-based AOPs. The H2O2/UV processes were found highly not effective for industrial application.
For industrial wastewater the COD and TOC decrease were not very high (10% of COD and 20% of TOC) in
contrast to simulated one (90% and 50%, respectively). However, the mineralization, biodegradability and
Average Oxidation State (AOS) assessment indicated that the application of AOPs resulted in more oxi-
dized by-products. The toxicity assessment based on V. fischeri bacteria proved extremely high toxicity
of BR5 (EC50 = 3.86 ± 0.32 mg/L). All of the tested ozone-based AOPs increased biodegradability and
decreased toxicity, proving that oxidation should be performed before biological treatment. The cost
analysis and the obtained results showed that O3 and O3/H2O2 (0.005 M) can be effectively used in the
industry.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The textile industry is one of the most significant sectors of the
global economy, especially in countries such as China, India,
Pakistan, Bangladesh and Malaysia. In 2014 in Poland, employment
Fig. 1. Chemical structure and UV–vis spectrum of Reactive Black 5 (RB5).
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near 3.85 billion euro (statistics for companies employing more
than 9 employees, clothing and textile sector) [1].
Wastewater from the textile industry should be considered a
serious environmental problem. Despite the use of high-tech equip-
ment and modern technologies, the textile industry is among the
highest water-consuming industries and produces a huge amount
of wastewater. Water consumption and wastewater generation
during the dyeing and finishing of textiles can reach 150–
350 L per kg of product [2,3]. Residues of detergents, dyes and aux-
iliary agents present in discharge result in high pH, intensive color
and salinity. Textile wastewater is often characterized by a low
BOD5/COD ratio, which can have an adverse effect on the biological
treatment. The BOD5/COD values are between 0.06 and 0.35 [4–7].
Considering that a BOD5/COD ratio less than 0.4 indicates low
biodegradability, the textile wastewater biodegradation is unsatis-
factory. Advanced oxidation processes (AOPs) may be effective
purification methods of textile industrial wastewater; due to the
high oxidative potential of ozone and OH radicals generated by
these methods, many organic substances can be decomposed [8].
There are several literature reports on the degradation of textile
dyestuff in both simulated mixtures [9–22] and real industrial
wastewater [7,23–26,14,27–29] using ozone-based AOPs. How-
ever, few of these reports reflect the impact of conditions charac-
teristic for textile wastewater on the oxidation process [16–19].
Some authors studied the influence of auxiliary agents’ presence
in the reaction mixture on dye degradation using ozone-based
AOPs. Muthukumar & Selvakumar [16] showed an inhibiting effect
of various salts on the ozonation process, but Colindres et al. [17]
noticed that salts (Na2SO4) and alkaline (NaOH, CaCO3) conditions
accelerated the ozonation. Bamperng et al. [18] indicated a negligi-
ble effect of NaCl on ozonation due only to differences in the solu-
bility of ozone in various media. Bilinska et al. [19] showed that
there is no visible effect of NaCl and surface active agents (SAA)
on the ozonation process. Additionally, neither the mechanism of
OH radicals’ formation nor the possibility of a scavenging effect
caused by textile wastewater conditions was discussed.
All of the works found in the literature that applied AOPs for
real textile wastewater cleaning were related to global wastewater.
Most of them were general wastewater taken from the textile
plant, some were equalized wastewater streams taken from sev-
eral random finishing operations [7,23–26,14,27–29]. In most
cases, the authors tested only ozonation [7,23,24] or were focused
on coupling ozonation with biological treatment [25,26,14,27].
Few publications focused on a comparison of several ozone-
based AOPs used for real wastewater (Chung & Kim [28] – O3/
H2O2, O3/UV, O3/H2O2/UV; Azbar et al. [29] – O3/H2O2, O3/UV, O3/
H2O2/UV, H2O2/UV, Fenton and coagulation). Additionally, Kon-
sowa et al. [20] claimed that their work concerned industrial
wastewater, but the research was performed for a synthetic mix-
ture – aqueous dye solutions. Similarly, Bamperng et al. [18] sug-
gested treatment of dye wastewater, whereas synthetic mixtures
were studied.
None of these studies were focused on the purification of the
textile wastewater stream most polluted with dyestuff, which is
the bath after dyeing operation. This textile wastewater stream is
characterized by the most intensive color, the highest pH value
and the highest concentration of salt. Only Colindres et al. [17],
Arslan et al. [21] and Arslan Alaton et al. [22] used ozone-based
AOPs to clean a mixture that simulated real wastewater after
dying. However, they did not investigate this type of wastewater
after a real industrial dyeing process. Moreover, Arslan Alaton
et al. [22] diluted their simulated mixture 15 times before treat-
ment. Than Arslan et al. [21] used a 40 times dilution of the simu-
lated mixture, which does not reflect the conditions of real dyeing
wastewater.In this study, several ozone-based AOP methods (O3, UV/O3, O3/
H2O2, O3/UV/H2O2) and an H2O2/UV process for simulated mixtures
and industrial wastewater after dyeing with RB5 (purified and
commercial form, respectively) were applied for the first time.
All tests were conducted in similar, comparable research condi-
tions. The color, COD, TOC, and BOD reduction were considered.
A toxicity assessment and cost analysis for the AOPs were per-
formed. The mechanism of hydroxyl radical formation in the alka-
line reaction medium and the characteristics of the industrial
wastewater after dyeing operation were also investigated.2. Experimental
2.1. Materials
Reactive Black 5 (RB5) was obtained from Boruta-Zachem
(Poland) as a purified reagent. The chemical structure and charac-
teristics of this dye are presented in Fig. 1. The buffer components,
NaOH (AR) and Na2HPO4 (AR), were purchased from Stanlab
(Poland) and Chempur (Poland), respectively. Na2SO3 and hydro-
gen peroxide solution (30%, w/w) (both A.R. grade) were purchased
from Chempur (Poland). Catalase was purchased from Sigma-
Aldrich (USA). The substances present in industrial textile wastew-
ater were Setazol Black DPT (industrial product based on RB5,
Setas-Kiyma (Turkey)), industrial dyeing assistant – Perigen LDR
(SAA – naphthalenesulfonic acid and carboxylates’ mixture,
Textilchemie Dr. Petry Co. (Germany)) as well as NaCl, NaOH,
and Na2CO3 (technical products). The exact composition of the
dye bath (given by the textile company) and the industrial
wastewater indicators (wastewater after the specific dyeing
process) are given in Table 1. The initial dye concentration of the
dyeing bath was 5.68 g/L. Due to dye liquor exhaustion of the
textile material, the final dye concentration in the wastewater
was 730 mg/L. The wastewater was diluted to achieve 125 mg/L
of industrial dye to compare the wastewater and purified dye
aqueous solution.2.2. Analytical methods
Ozonation of the industrial textile wastewater and dye solu-
tions was performed in a semibatch glass reactor (heterogeneous
gas–liquid system) that had a capacity of 1 dm3 and was equipped
with a porous plate to deliver ozone gas into the reaction solution.
Mixing was performed with a magnetic stirrer (Wigo type ES 21).
Table 1
Dyeing bath composition A), dyeing process conditions B), industrial wastewater
characteristics C).
A) Dyeing bath content
Setazol Black DPT (industrial RB5) 5.68 g/L
Perigen LDR (SAA) 0.76 g/L
NaCl 65 g/L
Na2CO3 1.4 g/L
NaOH 50% (a.s.) 1.95 g/L
B) Dyeing process conditions
Batch type 95% Viscose, 5% Elastane
Weight 580 kg
Dyeing ratio 1:13.2
Bath volume 7 656 L
Machine type Thies TRD





Approx. conc. of the dye 730 mg/L
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oxygen used for ozone production was supplied from a compressed
gas cylinder (O2 purity 99.5%). The ozone concentration was mea-
sured at the inlet and outlet of the reactor using a BMT 963 Vent
ozone analyzer. For the UV/O3 and O3/UV/H2O2 processes, a UVC
low-pressure mercury lamp (Herraus 15W) was added to the
experimental set-up. The lamp was placed inside quartz tube and
immersed inside the thermostated reactor. For the O3/H2O2 and
O3/UV/H2O2 processes, hydrogen peroxide was added to the reac-
tion mixture before the ozone was applied. The reaction progress
for all ozone-based AOPs was stopped by the addition of 0.01 M
Na2SO3 to the collected samples.
The H2O2/UV process was conducted in a merry-go-round
device with quartz test tubes placed between two exposure panels
with UV lamps. The details are presented elsewhere [19].
All samples collected at specified time intervals were measured
by a spectrophotometer (Helios Thermo). A calibration plot based
on Lambert-Beer’s law, (Eq. (1)), was used to determine the con-
centration of the samples.
A ¼ e  l  c ð1Þ
where: A – absorbance, e – molar absorption coefficient (L mol1
cm1), l – the length of the light path (cm), c – concentration of
the sample (mol L1).
The pH and temperature of the samples were measured using
an Elmetron meter (Poland). The total organic carbon (TOC) was
measured using a HACH IL 550TOC-TN apparatus. Chemical oxygen
demand (COD) and biochemical oxygen demand (BOD) measure-
ments were obtained using the HACH-LANGE apparatus (DR
3800) according to standard methods given by the producer. The
COD analysis was done with the dichromate (VI) LCK 514 and
314 tests. The BOD was determinate using low-volume LCK 555
test, which is based on dilution method and the pyrocatechol
derivative, which gives red color in the presence of Fe2+, was the
spectrophotometric factor in it. Before the BOD measurement a
catalase addition was used to remove the residual H2O2. The acute
toxicity bioassay was conducted using a Microtox Model 500 ana-
lyzer (Modern Water, USA) with the marine bacterium Vibrio
fischeri as a bioluminescent indicator. The Microtox 81.9%
Screening Test and the 81.9% Basic Test protocols were used for
the toxicity assessment of the samples [30,31]. The pH of the sam-
ples was adjusted to 7, and catalase was used to remove residual
H2O2 from the reaction solution.
Calculations were performed using the Origin 9.1 version Pro
software. Each experiment was repeated three times.3. Results and discussion
3.1. H2O2 impact on the
OH radicals formation mechanism
Hydroxyl radical formation is the main characteristic of the oxi-
dation processes discussed in this work. Therefore, the impact of
hydrogen peroxide addition to the mechanism of hydroxyl radical
formation was studied for the wastewater treatment process in
which a combination of ozone, H2O2 and UV radiation was used.
The impact of the hydrogen peroxide concentration on the RB5
decomposition rate was studied for the O3/H2O2 and O3/UV/H2O2
processes in the H2O2 concentration range of 0–0.1 M (the reaction
rate constant had been changing significantly in this H2O2 concen-
tration range Fig. 2). The experiment was conducted at pH 12
(which corresponds to the pH of the textile reactive dyeing dis-
charge), as provided by the phosphate buffer. The O3 concentration
of the inlet gas mixture was 42.3 g/Nm3, and the gas flow rate was
set at Qin = 40 L/h (1.69 gO3/L). RB5 was dissolved in distilled water
at 125 mg/L.
In this study, pseudo-first-order constants were calculated to
describe the RB5 decomposition in the presence of different H2O2
concentrations. The overall reaction process, for AOPs combining
UV, H2O2 and ozone, consisted of three contributions: direct pho-
tolysis by UV, direct oxidation by ozone and oxidation by hydroxyl
radical OH. Because the investigation was conducted in alkaline
solution (pH = 12), the main pathway of the degradation should
be followed by a reaction of RB5 with the hydroxyl radical [8].
However, based on the experiments with OH radicals scavengers
the possible direct oxidation via O3 at this pH cannot be excluded
(Fig. A1 in Supplementary Materials). The occurrence of direct pho-
tolysis is neglected (Fig. A2 in Supplementary Materials). There-
fore, as calculated using Eq. (2), the kapp constant is the general




¼ kapp  t ð2Þ
The pseudo-first-order constant of the RB5 decomposition show
a strong dependence on the hydrogen peroxide concentration for
O3/H2O2 (Fig. 2A) and for the O3/UV/H2O2 process (Fig. 2B). In both
cases, with an increasing H2O2 concentration, a decrease in the
pseudo-first-order constant was noted. Based on the studies per-
formed by Azbar et al. [29] and Chung and Kim [28], a synergic
effect should occur; however, this effect was not observed in our
investigation. This phenomenon can be explained by the scaveng-
ing effect of hydroxyl radicals by hydrogen peroxide, as shown in
reactions (3) and (4).
OH þ H2O2 ! H2Oþ HO2 ð3ÞOH þ HO2 ! H2Oþ O2 ð4Þ
The scavenging effect was further enhanced in the alkaline reac-
tion medium. In this medium, a significant part of ozone decom-
posed with OH radicals (a smaller share of the direct ozone
reaction), which could then be scavenged. Furthermore, in the
alkaline reaction medium, hydrogen peroxide was present in the
dissociated form (pKa = 11.6) [32], as it was in reaction (5), which
promoted the OH scavenging in accordance with reaction (6).
H2O2 þ H2O! H3Oþ þ HO2 ð5ÞOH þ HO2 ! H2Oþ O2 ð6Þ
The slowdown effect was slightly smaller for the O3/UV/H2O2
process because part of the hydrogen peroxide was converted
directly into OH radicals via UV irradiation, as shown in Fig. 2B.
Fig. 2. H2O2 effect on RB5 decomposition pseudo-first order constant in the case of the O3/H2O2 and O3/UV/H2O2 processes; O3 concentration in the inlet gas mixture
CGO3 = 42.3 g/Nm
3; the gas flow Qin = 40 L/h. C
H2O2
0 = 0–0.01 M, pH = 12, UVC lamp (15 W).
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The applied oxidation methods were compared for purified RB5
aqueous solutions (Fig. 3A) and both the diluted and undiluted
industrial textile wastewater from the dyeing process that used
Setazol Black DPT (Fig. 3B and C, respectively). The RB5 solutions
were tested at a concentration of CRB50 = 125 mg/L and pH 12 (phos-
phate buffer) and pH 6.28 (MQ water) for ozone-based methods
and H2O2/UV oxidation, respectively. This research conditions were
selected based on the experiments, published in previous work
[19]. The diluted industrial wastewater was characterized by the
concentration of the dye at approximately 125 mg/L. This way
results obtained for simulated and industrial wastewater could
be compered more easily. The dye concentration of the industrial
wastewater without dilution was 730 mg/L (the parameters of
the wastewater are shown in Table 1). Diluted and undiluted
wastewater at its natural pH were treated. In the case of the
ozone-based oxidation processes, the O3 concentration in inlet
gas mixture was 42.3 g/Nm3, and the gas flow rate was
Qin = 40 L/h. An H2O2 concentration of 0.005 M (H2O2 concentra-
tion, which gave the highest reaction rate constant) and a 15W
UVC lamp (used optionally) were applied. In the case of H2O2/UV
oxidation, the hydrogen peroxide concentration was 0.2 M and
6 UVC lamps (7.2 W each) were used (reagent dosage explained
in previous work [19]).
As shown in Fig. 3A, for all of the tested methods, a high discol-
oration of the RB5 solutions, close to 100%, was achieved in a rela-
tively short time (20 min). The best effect was obtained for
ozonation. No synergy effect of various oxidizing together wasnoted. In the case of the simultaneous use of O3 and H2O2, a
decrease was observed in the degradation rate of RB5 aqueous
solution, which could be explained by the scavenging effect of
hydroxyl radicals caused by hydrogen peroxide.
For the diluted industrial textile wastewater containing RB5
(dyebath with Setazol Black DPT – Kyma Setas), the discoloration
effect was very close to that achieved for RB5 aqueous solution
(Fig. 3B). The exception was the UV/H2O2 process. Based on this
observation, it can be concluded that the presence of textile auxil-
iary agents in wastewater – NaCl and SAA inhibited the decoloriza-
tion with the UV/H2O2 cleaning method. The inhibition of
decolorization (Fig. A3) and both TOC (Fig. A4) and COD decay
(Fig. A5) is shown in the Supplementary Materials. The ozone-
based AOPs were not influenced by these factors, as shown in the
Supplementary Materials (Fig. A1). The influence of textile auxil-
iaries had been discussed wider in our previous work [19]. For
the wastewater without dilution, complete discoloration was not
achieved, even after 60 min, with any of the tested methods.
Approximately 90% color reduction was obtained for ozonation
and the O3/H2O2, O3/UV and O3/UV/H2O2 processes after this time.
Because of the fact that in the O3/UV system a slightly greater
amount of hydroxyl radicals could have been produced, in this case
the efficiency of decolorization was a bit higher than in the pro-
cesses without the light, but still the ozone concentration was
too low relative to the amount of dye. The UV/H2O2 process was
not effective. Slightly more than 30% color reduction was noted
after 1 h. The influence of textile auxiliary agents was significant
in this case. What is more the molecules of dyes have high UV
absorption capacity. When the dye concentration is high, the
Fig. 3. O3, O3/H2O2, O3/UV/H2O2 and UV/H2O2 processes for: A) RB5 solution 125 mg/L, B) diluted industrial wastewater (Setazol Black DPT approx. 125 mg/L), C) textile
wastewater without dilution (Setazol Black DPT approx. 730 mg/L); ozone concentration CGO3=42,3 gO3/Nm
3, gas flow Qin = 40 L/h, C
H2O2
0 = 0.005 M, pH = 12, UVC lamp (15 W).
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it could be observed in our experiment. At the same time the direct
photolysis was not observed (Fig. A2).3.3. Mineralization and biodegradability
For the tested wastewater samples and RB5 solutions with prior
O3, O3/H2O2, O3/UV, O3/UV/H2O2, or UV/H2O2 treatment, the degree
of mineralization was assessed (Fig. 4). The reduction of organic
compounds, as expressed by COD and the mineralization extent,
was satisfactory for RB5 aqueous solutions. Between 80% and
90% COD reduction and 50% TOC reduction was observed after
60 min of treatment. For the UV/H2O2 treatment, the COD reduc-
tion was 25% (Fig. 4A). In the cases of diluted and undiluted indus-
trial wastewater, the reduction of organic compounds obtained
after treatment was much lower than those obtained for the oxida-
tion of RB5 aqueous solutions (in the case of all tested methods).
Approximately 50% COD and 30% TOC reduction were achieved
for diluted industrial wastewater (Fig. 4B). In spite of the fact that
RB5 concentration in simulated and diluted industrial wastewater
was approximately the same, COD and TOD reductions were not
comparable for these two samples. Therefore, in case of research
focused on industrial application real research conditions, should
be taken under consideration. For undiluted industrial wastewater,
there was only a 10% COD and 20% TOC reduction (Fig. 4C) due to
the greater initial load of the industrial wastewater (compared to
the dye aqueous solution). In some cases, the COD reduction was
smaller than the TOC reduction due to the occurrence of com-
pounds, which are not oxidized by the dichromate method (as used
in the LCK 514 COD test).
The biodegradability study was performed for the simulated
mixtures containing 125 mg/L of RB5 and for the diluted industrial
wastewater corresponding to the concentration of the industrial
dye (approximately 125 mg/L). Although the transformation prod-
ucts were not identified, the degradation of RB5 into other by-
products was monitored by the change in the degree of oxidation,which is an indicator of the oxidation degree of complex solutions
and provides indirect information on their probability of biodegra-
dation. Therefore, based on the COD/TOC, BOD5/COD values and
average oxidation state (AOS), biodegradability was evaluated.
The AOS value was calculated following Reyes et al. [33] by using
Eq. (7), where TOC and COD are expressed in mM of C and O2,
respectively.
AOS ¼ 4ðTOC  CODÞ
TOC
ð7Þ
The results are shown in Fig. 5(A, B, C: RB5 aqueous solution, D,
E, F: diluted industrial wastewater). The COD/TOC reduction
results obtained for the dye solution were satisfying and confirmed
that fewer complexed by-products were present after AOP treat-
ment, which resulted in the mineralization of RB5 (Fig. 5A). The
COD/TOC reduction for wastewater was not as high but was still
significant (Fig. 5. D). For the BOD5/COD values of RB5 solutions
after AOP treatments, a visible increase was observed from the
value close to zero (0 min) up to 0.8 (60 min). The best results were
obtained for the O3/0.005 M H2O2 process and O3 at 0.8 and 0.75,
respectively. For the diluted wastewater, BOD5/COD increased after
using AOPs. However, the increase of these values was not signifi-
cantly high. The largest enhancement in biodegradability was
found for the ozonation of the wastewater (Fig. 5F). Moreover,
when using a higher concentration of H2O2, a positive effect on
biodegradability was achieved. The AOS values are presented in
Fig. 5B and E (for the dye solution and the wastewater, respec-
tively). The AOS is a valuable parameter that can be used as a gen-
eral oxidation measure of complex mixtures (where various
oxidation products are present). Therefore, AOS was considered.
AOS can take values between +4 CO2 (the most oxidized state of
C) and 4 for CH4 (the most reduced state of C). All of the tested
AOPs resulted in significant increases in the AOS values for the
dye solution and lower increases for wastewater. A higher general
oxidation degree (covering the main compound and its oxidation
products) was achieved in the case of AOPs when H2O2 was used
in addition to ozone. With respect to COD/TOC, BOD5/COD and
Fig. 4. TOC and COD removal for the decolorization of RB5 aqueous solutions A) and textile wastewater containing Setazol Black DPT: diluted one B) and not diluted one C) by
ozonation, UV/H2O2, O3/H2O2, UV/O3/H2O2 (C
RB5
0 = 125 mg/L, C
O3
in = 42.3 g/Nm
3, Qin = 40 L/h, pH = 12, UVC lamp 15W, C
H2O2
0 = 0.005 and 0.01 M) and H2O2/UV process (for dye
aqueous solution: CRB50 = 125 mg/L, C
H2O2
0 = 0.2 M, pH = 6.28; for wastewater C
H2O2
0 = 0.2 M, pH = 11.23).
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dized by-products that could be assimilated by microorganisms in
both cases: RB5 aqueous solution and wastewater containing RB5.
3.4. Toxicity
Although high AOS values are frequently associated with bio-
compatibility of the solutions, it does not necessarily must be
related to the formation of by-products characterized by low toxi-
city. The toxicity assessment was conducted by a screening test
and an EC50 test for the decomposition of RB5 aqueous solutions
and diluted wastewater containing industrial dye. The results of
the screening test for ozonation, O3/H2O2 and UV/O3/H2O2 of RB5
aqueous solutions are shown in Fig. 6. Using oxidation methods
with higher concentrations of H2O2 (0.01 M) and coupling O3,
H2O2 and UV resulted in nontoxic mixtures. However, the use of
O3 and O3/0.005 M H2O2 resulted in a less significant decrease in
toxicity (Table 2 shows the EC50 values). Moreover, the tested dye-
stuff was characterized by very high toxicity. The EC50 value was3.86 ± 0.32 mg/L, which is in in agreement with the values
obtained by other authors for the sodium dithionite form of RB5
[34]. This form of the dye has also been identified by us using mass
spectroscopy.
The toxicity of the RB5 aqueous solution during ozonation was
also investigated. A short ozonation time increased the toxicity
only slightly, i.e., from EC50 = 2.81% at the beginning to 2.55% after
5 min (very low EC50 value), which suggests the appearance of
some toxic by-products during the initial ozonation phase. Then,
after 60 min of treatment and the application of 1.68 g/L ozone,
the toxicity decreased more than five times, and the EC50 was
19.62%.
The toxicity assessment was also conducted for the diluted
industrial wastewater. The results of the screening test and the
EC50 test are shown in Table 3. Each AOP treatment resulted in
decreased toxicity. However, the wastewater was not as toxic as
it was before the treatment as for the RB5 aqueous solution.
According to Gottlieb et al [34], the parent RB5 (EC50 = 27.5 mg/L)
and its hydrolyzed form (EC50 = 11.4 mg/L) are characterized by a
Fig. 5. COD/TOC A), AOS B), BOD5/COD values obtained for the decomposition of RB5 aqueous solutions and COD/TOC D) AOS E), BOD5/COD F) values obtained for the
decomposition of diluted wastewater by ozonation, O3/H2O2, UV/O3/H2O2 (C
RB5
0 = 125 mg/L, C
G
O3 = 42.3 g/Nm
3, Qin = 40 L/h, pH = 12, UVC lamp 15W, C
H2O2
0 = 0.005 and 0.01 M).
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industrial dyeing process, the sodium salt of the dye is used (tech-
nical product with four Na atoms), and hydrolyzation of the dye
occurs due to the high temperature dyeing conditions and alkaline
pH, which explains the differences between the toxicity of RB5 in
aqueous solution and the toxicity of the wastewater.3.5. Costs evaluation
The efficiency factor of several ozone-based AOP methods has
been discussed from a practical point of view; the cost factor is also
important. In industrial practice, efficiency related to costs is an
indicator for choosing the best treatment method. In previous
Table 4
Cost evaluation input data.
Parameter Value
Ozone dose in gas phase 250 g/Nm3
Gas flow-rate 10 Nm3/h
Reaction time 0.67 h
Reactor volume 1 m3
UV lamp energy 16 kW
H2O2 0.005 M 0.51 L(H2O2 30% a.s.)/m3
H2O2 0.01 M 1.02 L(H2O2 30% a.s.)/m3
Table 3







for 15 min (%)
EC50
(95% CI in brackets)
(% v/v)
O3 0 67.51 46.63 (40.77–53.33)
60 1.59 Not calc.
O3/H2O2 (0.005 M) 0 90.77 40.13 (32.19–66.38)
60 Not calc. Not calc.
O3/UV 0 70.16 46.30 (34.57–62.02)
60 2.70 Not calc.
O3/UV/H2O2 (0.005 M) 0 53.70 76.05 (52.21–84.71)
60 Not calc. Not calc.
UV/H2O2 (0.2 M) 0 58.02 59.77 (48.59–79.01)
60 12.87 Not calc.
Fig. 6. Toxicity assessment for the oxidation of RB5 aqueous solutions by
ozonation, O3/H2O2, UV/O3/H2O2 (C
RB5
0 = 125 mg/L, C
G
O3 = 42.3 g/Nm
3, Qin = 40 L/h,
pH = 12, UVC lamp 15W, CH2O20 = 0.005 and 0.01 M).
Table 2
RB5 aqueous solution toxicity assessment, EC50 test.
Method Time (min) EC50 (% v/v)
O3 0 3.31
60 19.72
O3/H2O2 (0.005 M) 0 3.15
60 21.61
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used for this purpose. In most cases, this evaluation is related to
laboratory-scale experiments [22,29,35]. A cost evaluation per-
formed in this way can be far different from the industrial-scale
process. In this study, the costs of the tested treatment methods
were estimated on the basis of real industrial conditions. The
industrial-scale AOP plant implemented in one of the Polish dye
houses (Bilinski Co.) that used an APP Thies ozone apparatus was
the model for the cost evaluation. The operating and investment
costs were calculated for all of the tested ozone-based AOPs. The
input data are shown in Table 4. The operating costs were related
to the ozone dose used in the experiment (1.69 g/L). The industrialprocess time was calculated following Chung & Kim [28] using
Eq. (8).
Total Ozone Dose ¼ O3 dose  Gas flow rate  Reaction time
Reactor volume ðg=LÞ
ð8Þ
In Fig. 7, the investment and operating costs of the several
tested ozone-based AOPs are shown. The investment costs
(Fig. 7A) of the ozonation plant are high. In the case of O3/H2O2,
the cost of the H2O2 dose is negligible compared to that of ozona-
tion. In contrast, the UV lamp equipment significantly increases the
investment costs. The operating costs (Fig. 7B) of the ozonation and
O3/H2O2 processes are comparable and are approximately 50% the
cost of fresh water and discharge industrial wastewater to the
city’s sewage. Therefore, using the O3 and O3/H2O2 process can
be economically reasonable, especially when the possibility of
environmental penalty is considered (in textile wastewater, the
main problem is an excessive chloride concentration). The cost of
using O3/UV and O3/UV/H2O2 is 80% that of fresh water and dis-
charge industrial wastewater to the city’s sewage, industrial imple-
mentation is not recommended. These differences are due to the
UV lamp application. The investment costs and the efficiency of
these methods do not provide incentives.
The total ozone dose (TOD = 1.69 g/L) can be far too high when
an industrial ozone treatment plant is considered. Due to mass
transfer, the limitation ozone was overdosed during the
laboratory-scale experiment. The industrial ozone reactor (APP
by Thies) is equipped with an ozone injecting system, and mass
transfer between the gas (O3 and O2 mixture) and liquid phases
(wastewater) is enhanced. Therefore, industrial research should
be conducted, the exact industrial TOD should be estimated and
the reaction time could be much shorter.4. Conclusions
In this study, the wastewater stream after the industrial reac-
tive dyeing process was taken into consideration. Due to high
salinity, high pH and intense color, it is the most problematic tex-
tile wastewater type from an environmental perspective. It was
indicated that, using O3 or O3 combined with a moderate concen-
tration of H2O2 (below 0.005 M) results in good color reduction
and an increase in mineralization, biodegradability and a reduction
in the toxicity of hazard compound RB5. In turn, for the AOPs in
which higher concentrations of H2O2 and/or UV irradiation were
used, lower values of BOD5/COD ratio were found. Treating after-
dyeing discharge by ozone-based AOPs can be a first stage in the
textile wastewater purification process, e.g., prior to biological
treatment, or it can be the only operation when the purified
after-dyeing discharge is used as a source of concentrated brine
(ready to use). Moreover, treating the selected textile wastewater
stream, in this case, after-dyeing discharge, by using a customized
method can be economically reasonable for industry. It should be
noticed that conducting the research focused only on the oxidation
Fig. 7. The investment A) and operating B) costs of ozone-based AOPs.
558 L. Bilin´ska et al. / Chemical Engineering Journal 306 (2016) 550–559of aqueous dye solutions without considering the conditions in
industrial textile wastewater can give distorted results; reliance
on these results can be confusing when designing an industrial
process.
Based on experimental results and costs evaluation, the use of
ozone or ozone with very low concentration of H2O2 (0.005 M)
can be recommended to textile industry. In contrast to the O3/UV
process, the investment and operating costs of the O3/H2O2 process
are not much higher than ozonation itself. When greater mineral-
ization is considered, O3/H2O2 is a good option, but ozonation is the
best one.Acknowledgements
The authors thank the National Center for Research and Devel-
opment – Poland for financially supporting this research under
contract No. PBS2/A9/22/2013.
Special thanks to Textile Company Bilin´ski, Konstantynów
Łódzki, Poland for their cooperation.
Marta Gmurek acknowledges the support from the Foundation
for Polish Science – Poland within the START scholarship.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.07.100.References
[1] PIOT Employers’ Association of the Polish Textile and Clothing Industry,
Annual Business Newsletter of the Textile Industry 2014, 2015.
[2] E. Kallia, P. Talvenmaa, Environmental profile of textile wet processing in
Finland, J. Clean. Prod. 8 (2000) 143–154.[3] A.E. Ghaly, R. Ananthashankar, M. Alhattab, V.V. Ramakrishnan, Production,
characterization and treatment of textile effluents: a critical review, J. Chem.
Eng. Process Technol. 5 (182) (2015) (Open Access).
[4] A. Dulov, N. Dulova, M. Trapido, Combined physicochemical treatment of
textile and mixed industrial wastewater, Ozone Sci. Eng. 33 (2011) 285–293.
[5] C. Allegre, P. Moulin, M. Maisseu, F. Charbit, Treatment and reuse of reactive
dyeing effluents, J. Membr. Sci. 269 (2006) 15–34.
[6] K. Paz´dzior, A. Klepacz-Smółka, S. Ledakowicz, J. Sójka-Ledakowicz, Z.
Mrozin´ska, R. _Zyłła, Integration of nanofiltration and biological degradation
of textile wastewater containing azo dye, Chemosphere 75 (2009) 250–255.
[7] C.A. Somensi, E.L. Simionatto, S.L. Bertoli, A. Wisniewski Jr., C.M. Radetski, Use
of ozone in a pilot-scale plant for textile wastewater pre-treatment: physico-
chemical efficiency, degradation by-products identification and environmental
toxicity of treated wastewater, J. Hazard. Mater. 175 (2010) 235–240.
[8] W.H. Glaze, J.W. Kang, D.H. Chapin, The chemistry of water treatment
processes involving ozone, hydrogen peroxide and ultraviolet radiation,
Ozone Sci. Eng. 9 (1987) 335–352.
[9] T.Y. Chen, C.M. Kao, A. Hong, C.E. Lin, S.H. Liang, Application of ozone on the
decolorization of reactive dyes – Orange-13 and Blue-19, Desalination 249
(2009) 1238–1242.
[10] H.J. Hsing, P.C. Chiang, E.E. Changb, M.Y. Chena, The decolorization and
mineralization of acid orange 6 azo dye in aqueous solution by advanced
oxidation processes: a comparative study, J. Hazard. Mater. 141 (2007) 8–16.
[11] E. Oguz, B. Keskinler, Comparison among O3, PAC adsorption, O3/HCO3, O3/
H2O2 and O3/PAC processes for the removal of Bomaplex Red CR-L dye from
aqueous solution, Dyes Pigm. 74 (2007) 329–334.
[12] F. Zhang, A. Yediler, X. Liang, A. Kettrup, Effects of dye additives on the
ozonation process and oxidation by-products: a comparative study using
hydrolyzed C.I. reactive Red 120, Dyes Pigm. 60 (2004) 1–7.
[13] C. Wang, A. Yediler, D. Lienert, Z. Wang, A. Kettrup, Ozonation of an azo dye C.I.
Remazol Black 5 and toxicological assessment of its oxidation products,
Chemosphere 52 (2003) 1225–1232.
[14] S. Ledakowicz, M. Solecka, R. _Zyłła, Biodegradation, decolourisation and
detoxification of textile wastewater enhanced by advanced oxidation
processes, J. Biotechnol. 89 (2001) 175–184.
[15] M. Muthukumar, D. Sargunamani, N. Selvakumar, Statistical analysis of the
effect of aromatic, azo and sulphonic acid groups on decolouration of acid dye
effluents using advanced oxidation processes, Dyes Pigm. 65 (2005) 151–158.
[16] M. Muthukumar, N. Selvakumar, Studies on the effect of inorganic salts on
decolouration of acid dye effluents by ozonation, Dyes Pigm. 62 (2004) 221–
228.
[17] P. Colindres, H. Yee-Madeira, E. Reguera, Removal of Reactive Black 5 from
aqueous solution by ozone for water reuse in textile dyeing processes,
Desalination 258 (2010) 154–158.
L. Bilin´ska et al. / Chemical Engineering Journal 306 (2016) 550–559 559[18] S. Bamperng, T. Suwannachart, S. Atchariyawut, R. Jiraratananon, Ozonation of
dye wastewater by membrane contactor using PVDF and PTFE membranes,
Sep. Purif. Technol. 72 (2010) 186–193.
[19] L. Bilin´ska, M. Gmurek, S. Ledakowicz, Application of advanced oxidation
technologies for decolorization and mineralization of textile wastewaters, J.
Adv. Oxid. Technol. 18 (2) (2015) 185–194.
[20] A.H. Konsowa, M.E. Ossman, Yongsheng Chen, John C. Crittenden,
Decolorization of industrial wastewater by ozonation followed by adsorption
on activated carbon, J. Hazard. Mater. 176 (2010) 181–185.
[21] I. Arslan, I. Akmehmet Balcioglu, T. Tuhkanen, Advanced oxidation of synthetic
dyehouse effluent by O3, H2O2/O3 and H2O2/UV processes, Environ. Technol. 20
(9) (1999) 921–931.
[22] I. Arslan Alaton, I. Akmehmet Balcioglu, D.W. Bahnemann, Advanced oxidation
of a reactive dyebath effluent: comparison of O3, H2O2/UV-C and TiO2/UV-A
processes, Water Res. 36 (2002) 1143–1154.
[23] M. Senthilkumar, M. Muthukumar, Studies on the possibility of recycling
reactive dye bath effluent after decolouration using ozone, Dyes Pigm. 72
(2007) 251–255.
[24] G. Eremektar, H. Selcuk, S. Meric, Investigation of the relation between COD
fractions and the toxicity in a textile finishing industry wastewater: effect of
preozonation, Desalination 211 (2007) 314–320.
[25] G. Ciardelli, N. Ranieri, The treatment and reuse of wastewater in the textile
industry by means of ozonation and electroflocculation, Water Res. 35 (2)
(2001) 567–572.
[26] A. Baban, A. Yediler, D. Lienert, N. Kemerdere, A. Kettrup, Ozonation of high
strength segregated effluents from a woollen textile dyeing and finishing
plant, Dyes Pigm. 58 (2003) 93–98.[27] S. Ledakowicz, M. Gonera, Optimisation of oxidants dose for combined
chemical and biological treatment of textile wastewater, Water Res. 33 (11)
(1999) 2511–2516.
[28] J. Chung, J.O. Kim, Application of advanced oxidation processes to remove
refractory compounds from dye wastewater, Desalin. Water Treat. 25 (2011)
233–240.
[29] N. Azbar, T. Yonar, K. Kestioglu, Comparison of various advanced oxidation
processes and chemical treatment methods for COD and color removal from a
polyester and acetate fiber dyeing effluent, Chemosphere 55 (2004) 35–43.
[30] SDI, Microtox Manual, Microbics Corporation, Carlsbad, CA, 1992.
[31] Azur Environmental, The Microtox Acute Basic, DIN, ISO and Wet Test
Procedures, Azur Environmental, Carlsbad, CA, USA, 1998.
[32] J. Staehelln, J. Hoigne, Decomposition of ozone in water: rate of initiation by
hydroxide ions and hydrogen peroxide, Environ. Sci. Technol. 16 (1982) 676–
681.
[33] C. Reyes, J. Fernandez, J. Freer, M.A. Mondaca, C. Zaror, S. Malato, H.D. Mansilla,
Degradation and inactivation of tetracycline by TiO2 photocatalysis, J.
Photochem. Photobiol. A 184 (2006) 141–146.
[34] A. Gottlieb, C. Shaw, A. Smith, A. Wheatley, S. Forsythe, The toxicity of textile
reactive azo dyes after hydrolysis and decolourisation, J. Biotechnol. 101
(2003) 49–56.
[35] S. Venkatesh, A.R. Quaff, N.D. Pandey, K. Venkatesh, Impact of ozonation on
decolorization and mineralization of azo dyes: biodegradability enhancement,
by-products formation, required energy and cost, Ozone Sci. Eng. 37 (2015)
420–430.
